Introduction
============

*Salmonella enterica* is an important zoonotic food-borne pathogen and the causative agent of gastroenteritis and typhoid fever ([@B8]). In 2012, salmonellosis was still the second most often reported zoonotic disease in humans in the EU accounting for 91,034 confirmed human cases, of which 4,181 occurred in Spain ([@B11]). The highest levels of non-compliance with *Salmonella* criteria generally occurred in foods of meat origin which were intended to be cooked before consumption ([@B11]). The common reservoir of *Salmonella* is the intestinal tract of a wide range of domestic and wild animals. For that reason, a variety of foodstuffs, including those of both animal and plant origin, can be a source of infection. Transmission often occurs when organisms are introduced in food preparation areas and are allowed to multiply in food, for example because of inadequate storage temperatures, inadequate cooking or cross contamination of ready-to-eat (RTE) foods.

Previously published reports have suggested that *Salmonella* can remain on surfaces and equipment used for handling and washing raw meat and that conventional cleaning and sanitation may fail to eradicate *Salmonella* from such surfaces ([@B24]; [@B2]; [@B16]). Biofilm formation is important for the persistence of *Salmonella* in the environment, allowing resistance to different stress factors including biocides ([@B29]). Biocidal compounds are widely used in the food industry for the disinfection of food containers, belts, production plants, to control microbial growth in food and drink, and to decontaminate animal carcasses ([@B23]; [@B7]). Cationic agents such as benzalkonium chloride and chlorhexidine have been formulated as farm disinfectants ([@B4]). Many different biocidal substances are also used for various purposes in the home, as building materials, consumer products or medical devices and on surfaces (SCENIHR, [@B28]). Biocide tolerance in bacteria is becoming a matter of concern because several resistance mechanisms can also accommodate other antimicrobials or are co-selected with antibiotic resistance ([@B26]). The increased use of biocides has raised concerns about a possible role in the selection for antibiotic resistant bacteria ([@B21]; [@B27]; [@B3]; [@B26]). Thus, acquisition of increased tolerance to biocides by zoonotic food-borne bacteria has important implications for public health. The purpose of the present study was to analyze the biocide tolerance of *Salmonella* strains from different types of meat products, including traditionally fermented meats such as chorizo. Initially, isolates of *Salmonella* detected in various meat sources in Andalucía (Southern Spain) during the period 2002-2007 were classified into serovars and then, a subset was selected for a bioide tolerance evaluation.

Materials and Methods
=====================

Bacterial strains
-----------------

Isolates were obtained from a total of 112 meat samples that tested positive for *Salmonella* in accordance with the rules of EN/ISO 6579-2002 in official inspections carried out in the Andalucía region during the period 2002-2007. Isolates were serotyped by the "Laboratorio Nacional de Referencia para *Salmonella* y *Shigella* de España" (LNRSSE; Instituto de Salud Carlos III, Majadahonda, Madrid, Spain). Of these isolates, forty-three collected in Jaén (a province in the Andalucía region) were studied further for biocide resistance as described below. Isolates were routinely cultivated on brain heart infusion broth (BHI, Scharlab, Spain) at 37 °C, and stored in cultured broth supplemented with 20% glycerol at −80 °C.

Determination of biocide tolerance
----------------------------------

Overnight cultures were inoculated (1% vol/vol) at approximately 1 x 10^6^ log~10~ colony forming units (CFU)/mL in BHI broth supplemented with ten-fold serial dilutions of the following biocides: benzalkonium chloride (BC), cetrimide (CT), hexadecylpyridinium chloride (HDPC), triclosan (TC) and hexachlorophene (CF). The BC commercial solution contained 50% (wt/v) of the active compound. TC and CF were dissolved (10% wt/v) in 96% ethanol. CT and HDPC were dissolved aseptically in sterile distilled water at final concentrations of 1.0%. Biocides were purchased from Sigma-Aldrich (Madrid, Spain). Minimum inhibitory concentrations (MICs) were determined by the broth micro-dilution method in 96-well microplates after 24 h incubation at 37 °C. Growth and sterility controls were included for each isolate. Optical density (OD 595 nm) was determined in an iMark Microplate Reader (BioRad, Madrid). Two independent determinations were conducted for each biocide, and in the case of discordant MIC values, a third repetition was carried out.

Results and Discussion
======================

Between 2002 and 2007, a total of 112 meat samples in Andalucía were considered positive for *Salmonella* after identification and confirmatory tests for the corresponding 112 isolates by health inspection services ([Table 1](#t1){ref-type="table"}). The meat products most frequently confirmed as contaminated with *Salmonella* in Andalucía were derived from pork, especially "chorizo", a traditional type of sausage that is slightly fermented and ripened for a variable time period and often consumed without cooking. It has been reported that Enterobacteriaceae (including *Salmonella*) are generally either stable or increase slightly at the beginning of the ripening of chorizo, and then decrease during the late ripening period ([@B9]; [@B5]). Previous studies have shown the presence of *Salmonella* in Mexican chorizo ([@B20]; [@B12]), and an outbreak involving 294 people (of which 73 were confirmed of salmonellosis and 221 were classified as probable cases), associated with the consumption of chorizo in restaurants in Nevada, USA ([@B25]), was reported in 2013. While poultry products have been traditionally considered as the principal source of *Salmonella* contamination, pork products are also very significant. According to EFSA-ECDC 2012 report ([@B11]), the highest levels of positive samples at the slaughterhouse were found in Belgium (10.8%) and Spain (7.8%).

###### Sources of the 112 confirmed *Salmonella* isolates from meats and meat products in Andalucía for the period 2002-2007.

  Meat samples            Percentage of isolates (%)   Meat samples             Percentage of isolates (%)
  ----------------------- ---------------------------- ------------------------ ----------------------------
  Fresh chorizo           29.46                        Fresh bovine meat        1.79
  Ripened chorizo         31.25                        Hamburger meat           3.57
  Extra quality chorizo   1.79                         Fresh turkey breast      1.79
  Fresh pork meat         9.82                         Sliced chicken meat      1.79
  Minced pork meat        2.68                         Roasted chicken          1.79
  Deboned pork meat       1.79                         Fresh poultry sausages   4.46
  Meat sausages           1.79                         Others                   1.79
  Stuffed meat            4.46                                                  

The 112 confirmed *Salmonella* isolates belonged mainly to the following serovars (in order): Typhimurium, Enteritidis, Derby, Anatum and Rissen ([Table 2](#t2){ref-type="table"}). These results agree with the data from EFSA reports that identify *S*. Enteritidis and *S*. Typhimurium as the serovars most frequently associated with human salmonellosis in the EU as well as in the US ([@B11]; [@B6]). Human *S*. Enteritidis cases are most commonly associated with the consumption of contaminated eggs and poultry, while *S*. Typhimurium cases are mostly associated with the consumption of contaminated pork or beef ([@B11]). The subset of 43 isolates from the Jaén province was obtained both during routine inspection and also during a specific control program for all meat vendors in the province, as well as from meat products implicated in salmonellosis. Among these, the Typhimurium serovar was still the most prevalent ([Table 2](#t2){ref-type="table"}), but the Anatum and Derby serovars were also important, and the Enteritidis serovar was much less prevalent and had the same incidence as the Rissen, Brandenburg or Ohio serovars. According to previous studies, *S*. Typhimurium and *S*. Derby are two of the most frequent *S*. *enterica* serovars found in pigs across the EU ([@B10]; [@B22]). While *S*. Typhimurium can colonize many animal species, *S*. Derby is adapted to pigs ([@B17]) and contaminated pork is a common source of human *S*. Derby in Europe ([@B15]; [@B19]). The Rissen serovar is also frequently associated with pigs ([@B30]). *Salmonella* Anatum is most frequently associated with red meat ([@B13]; [@B18]), but it can also be associated with poultry ([@B1]) and pigs ([@B17]).

###### Relative abundance of serovars among the 112 *Salmonella* confirmed isolates from meat samples in Andalucía during the period 2002-2007, including the 43 isolates from the province of Jaen.

  Serovar                                  Andalucía (%)   Jaén (%)
  ---------------------------------------- --------------- ----------
  Typhimurium                              34.82           41.86
  Anatum                                   12.50           16.28
  Enteritidis                              17.86           4.65
  Derby                                    13.39           11.63
  Rissen                                   4.46            4.65
  Brandenburg                              3.57            
  Bredeney                                 1.79            
  Agona                                    0.89            
  Ohio                                     4.65            
  Others[\*](#TFN1){ref-type="table-fn"}   10.71           11.63

Other serovars for Andalucía include monophasic variant, Gold Coast, London, Nottingham, Ohio, Panama and Senftenberg, as well as London, Give, Nottingham, Panama and Senftenberg for Jaén province.

In a recent study ([@B16]), up to fourteen different serotypes of *Salmonella* were isolated from a free-range pig processing plant (tracking in trucks, lairage, slaughter line and quartering). It was concluded that the processing plant might represent a high risk for the contamination of pork from free-range pigs both prior to and after slaughter, requiring proper cleaning and disinfection operations ([@B16]). Effective hygiene control measures coupled with the use of appropriate disinfection regimens are important tools for the control of *Salmonella* in food production and processing environments. Because biocides are widely used for disinfection, we wanted to determine the biocide tolerance of *Salmonella* in the available isolates from the province of Jaen. Among the quaternary ammonium compounds tested, benzalkonium chloride inhibited most isolates (86.047%) at 50 mg/L and only one isolate (2.33%) required a much higher concentration of 250 mg/L for inhibition ([Table 3](#t3){ref-type="table"}). Cetrimide showed an activity similar to that of benzalkonium chloride, although there were more isolates requiring a biocide concentration higher than 50 mg/L. Hexadecylpyridinium chloride also showed the highest activity at 50 mg/L, inhibiting 55.82% of isolates at this concentration. The bisphenol triclosan was the most active of all the biocides tested, inhibiting 79.07% of the isolates at 5 mg/L. However, 9 isolates required higher concentrations of this biocide for inhibition. One isolate had a MIC of 250 mg/L. Another bisphenol, hexachlorophene, was less effective than triclosan at 2.5 mg/L, but none of the isolates tested required a biocide concentration higher than 25 mg/L for inhibition. Altogether, the results obtained show that most investigated isolates of *Salmonella* can be inhibited by relatively low biocide concentrations. For most of the biocides tested, there was always a concentration at which most isolates were sensitive. That concentration represents the limit of biocide tolerance for the wildtype population and is also known as the epidemiological cutoff value (ECOFF). In contrast, isolates with a higher ("non-wildtype") MIC should be considered biocide tolerant. Furthermore, one isolate had a high MIC for three different biocides (including all of the quaternary ammonium compounds and triclosan), and two others had a MIC of 100 mg/L for both cetrimide and hexadecylpyridinium chloride. Isolates with a non-wildtype MIC as well as those with tolerance to multiple biocides should be further investigated regarding genetic determinants for biocide tolerance.

###### Minimum inhibitory concentrations of biocides for *Salmonella* strains from meats. The percentages (%) of isolates inhibited at each biocide concentration are shown.

                                 Minimum inhibitory concentrations of biocide (mg/L)                          
  ------------------------------ ----------------------------------------------------- ------- ------- ------ ------
  Benzalkonium chloride          2.33                                                  9.30    86.04          2.33
  Cetrimide                                                                            4.65    88.37   4.65   2.33
  Hexadecylpyridinium chloride                                                         37.20   55.82   6.98   
  Triclosan                      79.06                                                 9.30    6.98    2.33   2.33
  Hexachlorophene                51.16                                                 48.84                  

Benzalkonium chloride is widely used for sanitizing the surfaces of utensils and instruments in the food industry ([@B31]; [@B28]). Hexadecylpyridinium chloride (cetylpyridinium chloride) was approved in 2004 by the US FDA for decontaminating raw poultry at a working concentration not exceeding 0.8% by weight ([@B14]). Another common biocide is triclosan, which is now incorporated in a wide range of products such as dishcloths, food boxes, toothbrushes, washing-up liquid and hand-washing gels, plastics, chopping boards, chopsticks, pizza cutters, food storage containers, garbage bags, and kitty litter, among others. Hexachlorophene is often used in soaps and also as a topical anti-bacterial agent ([@B32]; [@B28]). In conclusion, results from this study indicate that a low percentage of the *Salmonella* isolates investigated can tolerate biocides belonging to the groups of quaternary ammonium compounds (benzalkonium chloride, cetrimide and hexadecylpyridinium chloride) and bisphenols (triclosan). Therefore, it seems likely that exposure to these biocides could result in the selection of salmonellae able to tolerate higher biocide concentrations. Accordingly, a possible contribution of biocide tolerance to the persistence of *Salmonella* in the food chain should be further investigated. There is a concern that biocide tolerance might co-select for antibiotic resistance determinants in the food chain (reviewed by [@B26]). Therefore, further studies should be carried out on the antibiotic resistances of *Salmonella* isolates that have shown a higher tolerance to biocides.
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